Gold nanoparticles are quite popular as contrast agents for optical microscopy. Their strong linear and nonlinear interaction with light, coupled with their biocompatibility and resistance to photobleaching make them suitable contrasts agents for bioimaging applications. Gold nanorods have been used for in vivo two photon microscopy in small animals [PNAS 102, 15752 (2005)]. Conventional two photon microscopy with gold nanorods involves exciting these particles with femtosecond laser at wavelengths close to their longitudinal plasmon resonance (LPR). Most of the reported works used Ti:Sapphire laser with excitation wavelengths ranging from 780 nm to 850 nm. The rational was to maximize absorption of excitation wavelengths, a fraction of which gives rise to two photon luminescence. This however causes intense heating of the nanorods and unless the excitation powers are kept low, gold nanorods tend to melt [Phys Rev Lett 95, 267405 (2005)]. Another less explored way of getting multiphoton emission from gold nanorods is to excite them at long wavelengths far away from their LPR wavelength [Jour Amer Chem Soc 131, 14186 (2009)]. We are interested in femtosecond lasers operating around 1200 nm wavelengths because of their lower scattering and absorption by tissue and water. Here we compare multiphoton photon luminescence properties of gold nanorods when excited at wavelengths around 800 nm and 1200 nm. Excitation with wavelengths around 1200 nm has certain advantages like lower heating of the particles and hence prolonged durations of imaging. Other advantage is the ability to collect emission in the near infrared regions (NIR) up to 800 nm which is not possible when using excitation wavelengths around 800 nm. These features are good for deep tissue imaging. One disadvantage of this approach is lower luminescence intensity.
INTRODUCTION
One of the first experimental observations of multiphoton luminescence from gold was reported by Boyd et. al 1 . Multiphoton luminescence is much stronger from a rough gold surface as compared to a smooth surface. This enhancement is attributed to the strong near field observed on rough metal surfaces. Gold nanoparticles also exhibit multiphoton luminescence due to their strong near fields 2 . Advances in material science have made it possible to synthesize a wide range of nanoparticles 3, 4 . Gold nanospheres were used as contrast agents for two photon microscopy 5 but gold nanorods have become more popular as contrast agents for two photon microscopy 6 . Gold nanorods generate stronger near fields and plasmon resonance as compared to gold nanospheres. After suitable surface modification, gold nanorods show low cytotoxicity and hence they can be used for targeting cells in vitro or in vivo 7 . Consequently gold nanorods have been used to target cancerous cells in cultures 8 as well as in lab animals 9 . Gold nanorods absorb light strongly around their LPR peak. Here it should be noted that this enhancement is best observed when polarization of excitation field matches with the orientation of gold nanorods 10 but in an ensemble, the effect is averaged out to a relatively lower value. This property has been exploited in two ways -imaging and photothermal therapy. Multiphoton luminescence from gold nanorods is maximum when excited at their LPR peaks 6 . Therefore extremely low excitation powers are required to image gold nanorods using wavelengths close to their LPR peak 8 . On the other hand, the photothermal effects of gold nanorods are quite strong and even low dosages of light close to the LPR peak can cause melting of these nanorods 11 . This photothermal effect of gold nanorods can be used to destroy malignant cells 12, 13 . Therefore, the same excitation wavelength which is used to image gold nanorods is also used to heat them up. Under the imaging conditions, light dosage is kept low and laser is used in a femtosecond pulse mode. For heating the nanorods, the incident power is increased and the laser is used in continuous wave mode. Though the imaging and photothermal heating conditions seem well defined, there is always some inadvertent heating of gold nanorods during the imaging process. This problem can become severe when imaging gold nanorods through scattering media like tissues. Under such conditions, high laser powers are required to reach deeper into the tissue and excite multiphoton luminescence from nanorods. If it is possible to excite multiphoton luminescence in gold nanorods at wavelengths far away from absorbance peak, this undesirable heating of the nanorods can be decreased to some extent. Imaging of biological samples using excitation wavelengths around 1200-1300 nm is advantageous because of low scattering by tissue and low absorption by water [14] [15] [16] [17] . Recent reports describe multiphoton imaging of nanocubes 18 and nanorods 19 made up of a mixture of gold and silver metals. The plasmon resonance peaks of these composite nanoparticles were less than 1000 nm which is far from the excitation wavelengths of 1200 -1300 nm used in multiphoton imaging. No photothermal effects were detected even at high excitation powers of 4 mW 18 . We are interested in multiphoton luminescence imaging gold nanorods at excitation wavelengths around 1200 nm. To keep the photothermal effects at minimum, we chose gold nanorods with LPR peak at ~620 nm. We report here some multiphoton luminescence properties of gold nanorods when excited with femtosecond pulses around 1200 nm. At these wavelengths, even with average laser powers as high as 5 mW the nanorods are stable upon repeated scanning.
MATERIALS AND METHODS

Synthesis of gold nanorods
Gold nanorods with LPR peak around 620 nm were synthesized using seed-mediated synthesis method reported by Sau and Murphy 20 . Minor changes were made to the protocol to scale up the synthesis volume. The gold seed solution was prepared by mixing 250 μl of 0.01 M gold salt (HAuCl 4 .3H 2 O, Sigma-Aldrich Inc.) in 9.75 ml of 0.1 M CTAB (Cetyltrimethylammonium bromide, Sigma-Aldrich Inc.) and reducing this mixture at room temperature by addition of 600 μl of freshly prepared ice cold 0.01 M sodium borohydride (NaBH 4 , Sigma-Aldrich Inc.) under continuous stirring. The resultant seed solution was stored at room temperature. For gold nanorod synthesis, 500 μl of 0.01 M gold salt and 50 μl of 0.01 M of silver nitrate (AgNO 3 , Sigma-Aldrich Inc.) was added to 9.5 ml 0.1 M of CTAB. This solution was partially reduced by addition of 60 μl of 0.1 M freshly prepared L-ascorbic (Sigma-Aldrich Inc.) acid under continuous stirring. On addition of ascorbic acid, the solution turns colorless. To this reaction mixture, 20 μl of seed solution was added and the solution was left undisturbed at room temperature for 16 hours. A deep blue solution of gold nanorods was obtained. These gold nanorods were washed a coupled of times by centrifuging at 3500 g for 40 min and resuspending the pellet in distilled water. The particles were analyzed by UVvisible spectrometry (UV-2450, Shimadzu Corp.) and stored at 4 °C.
Surface modification
Gold nanorods obtained by the above described synthesis method contain CTAB on their surface. CTAB, being cytotoxic, has to be removed from the gold nanorods before these particles can be used for staining cells. Hetero bifunctional polyethylene glycol (H 2 N-PEG-SH, 5 KDa, Celares GmbH) was used to displace CTAB from the gold nanorods surface 7, 21 . To 1 ml of gold nanorod solution, 500 μl of 500 μM of H 2 N-PEG-SH solution was added under sonication. Thereafter the solution was left overnight under vigorous shaking so that all the CTAB on the nanorods' surface is displaced by the PEG molecules. CTAB and excess PEG were removed by centrifuging the reaction mixture at 2700 g and the supernatant was discarded. The pellet was resuspended in distilled water and washed two more times. The pellet after final centrifugation was dissolved in 1X PBS solution and stored at 4°C. The free amine group on the PEG molecules allows for conjugation to specific markers. However, the focus of this study is to show that multiphoton imaging gold nanorods is possible with excitation wavelengths around 1200 nm. Therefore, amine terminated gold nanorods were used as such to bind to cells in a non-specific manner.
Cell Culture and Staining
Human epithelial carcinoma cells (A431) were cultured on 13 mm circular coverslips in 24-well cell culture plates. Cell culture medium consisted of DMEM, 10 % fetal bovine serum (FBS), 1 % penicillin-streptomycin, 1 mM sodium pyruvate. Cells were cultured until they are 70-80% confluent and 200 μl of amine terminated gold nanorods were added to the wells and incubated for 5 hrs. Then the cells were washed 5 times with 1X PBS and fixed using 4% paraformaldehyde. Finally the cells were washed thrice with 1X PBS and the coverslips were mounted onto glass slides for multiphoton imaging.
Multiphoton Imaging
Gold nanorods were imaged using a custom built nonlinear microscope. The setup consists of a confocal scan head (FV300, Olympus Corp), inverted microscope (IX71, Olympus Corp), Ti:Sapphire laser (Mira900, Coherent Inc) and optical parametric amplifier (OPO, Coherent Inc). Mode locked Ti:Sapphire laser operating at 824 nm was used to pump the OPO which provided an output of 1100 to 1300 nm. The OPO output had to be filtered to get rid of unwanted wavelengths. The detection system consists of a photomultiplier tube (PMT R3896, Hamamtasu Photonics) in a nondescanned detection path.
RESULTS AND DISCUSSION
Gold nanorods obtained from the synthesis show a LPR peak at 617 nm and a transverse plasmon resonance (TPR) peak at 519 nm. Upon pegylation, a small red shift is observed in the peak positions. The pegylated nanorods have LPR peak at 619 nm and TPR peak at 520 nm (Fig.1) . For initial multiphoton luminescence studies, pegylated gold nanorods were dried on a coverslip and imaged using a 40X, 1.3NA oil immersion objective (Olympus Corp). Excitation wavelength was set at 1200 nm for this set of experiments. The OPO output contains residual amount of the pump beam (824 nm from the Ti:Sapphire) and various other visible wavelengths arising out of the nonlinear processes happening inside the OPO. These visible wavelengths were blocked by a long pass filter (BLP01-785R-25, Semrock Inc). The maximum excitation laser power (at 1200 nm wavelength) just before entering the scan head was 122 mW. This power corresponds to an average power of 6 mW on the sample. The excitation power was controlled using a half-wave plate and a polarizer (Thorlabs Inc). In the detection path, the residual Ti:Sapphire light is blocked by a short pass filter (SP01-785RS-25, Semrock Inc). The main excitation wavelength of 1200 nm is not detected by the PMT and therefore no efforts were made to filter this wavelength in the detection path. When excited with 1200 nm femtosecond pulses, multiphoton luminescence from gold nanorods is broad in spectrum. Dependence of the photoluminescence on excitation power was studied in two spectral regions -(415-600) nm and (600-785) nm. A short pass filter (SPF-600, CVI Melles Griot) and a long pass filter (LPF-600, CVI Melles Griot) were used in the detection path to select these spectral ranges. Individual spots in the images were analyzed using ImageJ software and extracted intensity values were plotted against average excitation power in a log-log plot (Fig. 2) . Photoluminescence from the gold nanorods consist of both three photon (Fig. 2a) and two photon (Fig. 2b) emissions. A few spots in the images show even higher order dependence on the excitation power. Some of these spots are most likely small clusters of particles which generate strong near-fields responsible for higher order nonlinearities. Figure 2 . Dependence of photoluminescence intensity in the spectral regions (a) 451-600 nm and (b) 600-785 nm on the power of excitation wavelength centered at 1200 nm. P Ex refers to the input excitation power in mW and I(spectral range) refers to the intensity of the photoluminescence detected in the specified spectral range.
Multiphoton imaging of cells labeled with pegylated gold nanorods was carried out using the same imaging set up but with only the 785 nm short pass filter in the detection path. Average excitation power at the sample plane was adjusted to 4.5 mW. Excitation wavelength of 1200 nm is very far from the absorption peak of the particles which is at 619 nm. Therefore higher excitation powers are required for multiphoton imaging. But gold nanorods appear to be very stable at these relatively high laser powers. To observe if prolonged exposure to laser causes any degradation in the multiphoton image, a selected region of the sample was scanned continuously for 95 seconds. Images acquired before (Fig. 3a) and after (Fig. 3b ) the scanning do not show significant differences. The bright spots in figure 3 (a) & (b) correspond to gold nanorods and the weak background is autofluorescence from the cell bodies. A few changes in positions and intensities of the bright spots were observed after scanning. These changes can be attributed to vertical drift in the sample position and movement of nanorods under the influence of the laser beam because particles are not strongly bound to the cell in this case. These results suggest that gold nanorods can also be used effectively for multiphoton imaging with excitation wavelengths centered around 1200-1300 nm. The emission from these gold nanorods is broad in spectrum and extends all the way into the NIR region 19 . These excitation and emission properties of gold nanorods are very useful for deep tissue imaging. By segregating multiphoton excitation wavelength and photothermal heating wavelength, unintentional photo-damage to samples can be avoided.
SUMMARY & CONCLUSIONS
Multiphoton imaging of gold nanorods by excitation wavelength far away from the LPR peak was demonstrated. Excitation wavelengths used in this study are optimal for deep tissue imaging because of low scattering by tissue and low absorption by water. These excitation wavelengths also allow collection of NIR photoluminescence from gold nanorods which is advantageous for deep tissue imaging. The main disadvantage of this approach is requirement of relatively high laser powers to excite multiphoton luminescence in gold nanorods. Gold nanorods appear to be stable even after prolonged exposure to these laser powers. One reason might be the low absorption of photons by the nanorods at these wavelengths. However more detailed study is required to quantify the extent of local heating in gold nanorods imaged by this approach. Local heating can lead to a change in the shape of a nanorod which reduces its photoluminescence. Such high levels of heat are also detrimental to biological samples and hence should be avoided.
